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INTRODUCTION 


The  CO2  absorption  characteristics  of  the  absorbent  material  must  be 
known  over  a  wide  range  of  conditions  in  order  to  design  high-efficiency 
closed  or  semiclosed  life  support  systems  for  diving  applications.  Param¬ 
eters  that  may  influence  the  efficiency  of  such  systems  include  (a)  absor¬ 
bent  mesh  size;  (b)  type  of  absorbent;  (c)  water  content  of  CO2  containing 
gas;  (d)  water  content  of  the  absorbent;  (e)  temperature;  (f)  gas  density; 
(g)  thermal  properties;  (h)  linear  velocity  of  gas  stream,  intermittent  or 
continuous  flow;  (i)  CO2  injection  level;  (j)  canister  packing  density;  and 
(k)  conceivably  other  parameters  not  yet  known. 

This  report  presents  the  results  of  the  second  of  a  series  of  CO2 
absorbent  studies.  The  effects  of  increased  pressure  and  absorbent 
particle  size  on  CO2  absorbent  efficiency  are  investigated.  An  earlier 
report^  outlined  the  effects  of  moisture,  absorbent  cell  dimensions,  linear 
velocity,  and  temperature  on  CO2  absorption.  This  series  of  studies  is 
intended  to  ultimately  provide  improved  techniques  for  CO2  absorption  from 
diver  breathing  systems  and  to  establish  guidelines  for  CO2  absorbent 
canister  design. 

As  in  the  previous  investigation,  all  evaluations  in  this  study  were 
conducted  on  a  high-performance  (HP)  Sodasorb  manufactured  by  W.  R.  Grace 
and  Company.  This  high-moisture  type  absorbent  has  a  reported  water  con¬ 
tent  of  14  to  19  percent,  a  calcium  hydroxide  content  of  about  80  percent, 
and  about  5  percent  activators  which  consist  mostly  of  sodium  and  potassium 
hydroxide.  A  pH-type  indicator,  ethyl  violet,  is  also  incorporated  into 
the  mixture. 


APPARATUS  AND  PROCEDURE 


The  laboratory  apparatus  displayed  in  Figure  1  is  similar  to  that  pre¬ 
viously  reported^  with  suitable  modifications  to  facilitate  the  required 
high  pressures.  The  only  change  made  for  the  particle  :  i.ze  investigation 


^NCSC  Technical  Memorandum  TM  327-81,  "Carbon  Dioxide  Absorption  Charac¬ 
teristics  of  High  Performance  Sodasorb  at  1  Atmosphere  Pressure,"  by 
A.  Purer,  G.  A'.  Deason,  M.  L.  Nuckols,  and  J.  F.  Wattenbarger ,  October 
1981,  UNCLASSIFIED. 
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FIGURE  1.  CO2  ABSORBENT  TEST  APPARATUS 
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was  to  add  a  magnehelic  differential  pressure  gauge  directly  across  tbe 
cell.  Helium  was  used  as  the  major  component  because  its  high  thermal  con¬ 
ductivity,  5.8  times  that  of  air,^  would  dissipate  the  heat  of  absorption 
faster  than  air  and  thus  assure  a  more  uniform  temperature  across  the 
absorption  cell. 

Inlet  gas  flow  was  controlled  with  a  needle  valve.  Inlet  gas  flowed 
through  this  valve  to  the  8  feet  (2.4  metres)  of_ 1/8-inch  copper  tubing  of 
the  temperature  equilibrating  coil  submerged  in  the  constant  temperature 
bath.  If  a  dry  run  was  desired,  the  gas  went  directly  to  the  CO2  absorp¬ 
tion  cell  assembly;  for  a  saturated  run,  the  gas  would  first  pass  through  a 
bubble  tower.  The  CO2  containing  gas  then  passed  through  a  second  tempera¬ 
ture  equilibrating  coil,  6  feet  (1.8  metres)  of  1/8-inch  copper  tubing, 
before  entering  the  absorption  cell.  The  absorption  cell  had  an  internal 
diameter  of  0.978  centimetre  and  a  length  of  12.50  centimetres.  A  maximum 
distance  of  0.489  centimetre  that  a  gas  molecule  could  be  from  the  constant 
temperature-maintained  copper  walls  assured  rapid  dissipation  of  the  heat 
of  reaction.  This  small  cell  diameter  ensured  the  near  isothermal  con¬ 
ditions  desired  for  this  parametric  study. 

The  absorption  cell  was  equipped  with  CPV  0-ring  type  connectors. 
These  connectors  allowed  easy  access  to  the  cell  while  ensuring  a  gas-tight 
seal  during  testing.  Additionally,  the  flat  ends  of  the  CPV  connectors 
facilitated  volume  calculations.  A  5-gram  charge  of  an  absorbent  of  known 
absolute  density  was  nominally  used.  Absolute  density  of  the  absorption 
material  was  obtained  by  expanding  a  known  volume  of  dry  helium  gas  into  a 
container  of  known  empty  volume  as  described  in  References  1  and  3. 

The  constant  temperature  bath  was  capable  of  maintaining  the  required 
temperature  within  ±0.1°C.  Temperatures  below  ambient  were  obtained  using 
an  external  cooling  system. 

The  gas  stream  passed  from  the  absorption  cell  into  the  CO2  analyzer, 
a  Beckman  Model  865  Infrared  Analyzer.  Instrument  calibrations  were  made 
both  prior  to  and  after  each  run.  If  a  calibration  changed  during  the  run, 
the  calibration  obtained  immediately  after  breakthrough  was  used  in  the 
final  calculations.  Each  run  was  terminated  when  the  CO2  level  reached 
0.5  percent  surface  equivalent  in  the  outlet  gas.  Total  flow  was  recorded 
with  a  Precision  Instriunents  wet  test  meter. 


'ibid . 

^Dal  Nogare,  S.  and  Jubet,  R.  S.,  Gas-Liquid  Chromatography.  Interscience 
Publishers,  New  York,  pp.  132,  135;  1962. 

^Purer,  A.,  Hoffman,  C.  A.,  and  Smith,  D.  R.,  "Chromatographic  Determina¬ 
tions  of  Column  Dead  Volume  and  Absolute  DEnsity  of  Absorbents  of  Cryo¬ 
genic  Temperatures,"  J.  Gas  Chromatography,  Vol .  6,  March  1968. 
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CALCULATIONS 


The  weight  of  the  absorbent  used  in  each  run  was  divided  by  the  abso¬ 
lute  density^  ^  to  obtain  the  volume  of  the  solid  absorbent.  This  volume, 
subtracted  from  the  canister  volume  occupied  by  the  Sodasorb,  represented 
the  dead  volume  of  the  cell.  This  is  the  volume  available  for  gas  flow. 
Dividing  this  volume  by  flow  yields  the  mean  time  individual  gas  molecules 
would  spend  in  the  cell.  Dividing  cell  length  by  this  time  yields  an 
average  linear  velocity  of  the  gas  stream  within  the  canister.  The  absorp¬ 
tion  capability  of  each  test  canister  is  indicated  by  plotting  linear 
velocity  against  the  number  of  litres  of  1  percent  CO2  gas  purified  per 
gram  of  absorbent.  Equations  to  carry  out  the  above  calculations  follow: 


where 


V 
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W 

a 

d 


a 


V 

s 

W 

a 
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=  volume  of 
=  weight  of 
=  absorbent 


absorbent 
absorbent 
density  of 
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where 


V,  =  dead  volume  of  cell 
d 

V.J  =  total  volume  of  cell  occupied  by  absorbent. 


where 


t 


V 

F 


d 


t  =  time  on  individual  gas  molecule  speeds  in  the 
filled  portion  of  the  canister 

f  =  flow  rate  through  cell. 


(1) 


(2) 


(3) 


*  ibid . 
®ibid . 
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M  =  f  (4) 

where 

\i  =  linear  velocity  through  cell 
£  =  length  of  cell  filled  with  absorbent. 

The  above  equations  are  applicable  only  to  cells  with  parallel  walls. 


RESULTS 


THE  EFFECTS  OF  INCREASED  PRESSURE  ON  CO2  ABSORPTION 

To  evaluate  the  effects  of  increased  pressure  on  the  chemical  absorp¬ 
tion  capability  of  Sodasorb,  the  cell's  effective  length  and  diameter  were 
fixed  at  6.5  centimetres  and  0.978  centimetres,  respectively,  with  a  5-gram 
charge.  The  cell  temperature  was  held  constant  at  21.1°C  (70°F);  the  inlet 
CO2  partial  pressure  was  maintained  at  1.0  percent  surface  equivalent 
(0.01  ata);  the  inlet  gas  helium  pressure  was  varied  over  a  series  of  runs 
at  I,  2,  4,  8,  16,  and  32  atmospheres.  Canister  breakthrough  was  defined 
as  in  the  previous  studies,  as  0.5  percent  CO2  surface  equivalent  measured 
at  the  cell  exit.  An  absolute  density  for  Sodasorb  of  2.49  g/cc^  was  used 
to  calculate  canister  dead  volume,  residence  time,  and  the  gas  stream 
linear  velocity.  All  runs  used  4  to  8  mesh  (Tyler)  Sodasorb. 

The  following  conditions  were  used  for  both  the  dry  and  water  satu¬ 
rated  runs  to  achieve  the  desired  surface  equivalent  conditions: 

Pressure  H2O  Content 

Equivalent  CO2  Inlet  CO2  Break-  for  Saturated 

Depth  (FSW)  (%)  through  (%)  Runs  g  21.I°C  (ppm) 


0 

1.0 

0.5 

24,690 

33 

0.5 

0.25 

12,345 

99 

0.25 

0.125 

6,173 

231 

0.125 

0.625 

3,086 

495 

0.0625 

0.03125 

1,543 

1023 

0.03125 

0.015625 

772 

2079 

0.015625 

0.0078125 

386 

The  dry  runs  all  had  a  moisture  content  of  less  than  100  ppm.  As 
indicated  above,  the  saturated  runs  represented  a  decreasing  water  content 
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as  pressure  was  increased.  This  effect  is  created  by  the  fact  that  the 
vapor  pressure  of  water  at  a  specified  temperature  is  a  fixed  value; 
therefore,  as  the  total  pressure  of  the  system  increases,  the  ppm  water 
concentration  will  decrease.  This  is  illustrated  in  Figure  2.  Thus,  at 
1  atmosphere  of  pressure  and  21.1°C  (70°F),  a  saturated  system  contains 
24,690  ppm  water.  Increasing  the  total  pressure  to  that  obtained  at 
2000  feet  of  seawater  (61.6  atm)  reduces  the  saturated  water  content  to 
386  ppm.  This  reduction  in  moisture  content  could  tend  to  affect  canister 
performance  at  elevated  pressures. 

The  effects  of  water  content  of  the  gas  stream  on  the  absorbent's 
efficiency  have  been  well  established.^  It  was  previously  found  that  the 
higher  the  absolute  moisture  content  of  the  gas  stream,  the  higher  the 
efficiency.  The  saturated  runs  (Figure  3)  offer  some  interesting  compari¬ 
sons.  As  the  pressure  increases,  the  ppm  water  decreases  due  to  the 
increased  total  pressure.  Thus,  increasing  pressure,  resulting  in  reduced 
water  content,  should  reduce  the  absorbent's  efficiency.  This  was  found  to 
be  true,  with  the  exception  of  the  1-atmosphere  runs  at  a  linear  velocity 
above  13  centimetres/second.  However,  at  the  lower  velocities,  below  about 
7  centimetres/second,  increasing  pressure  from  1  to  4  atmospheres  tended  to 
increase  efficiency.  There  was  little  change  in  efficiency  from  4  to 
32  atmospheres.  It  appears  that  the  reduction  of  water  content  resulted  in 
an  increase  in  the  reaction  time;  such  time  was  not  available  at  the  higher 
velocities . 

The  efficiencies  obtained  with  the  dry  carrier  gas  at  elevated 
pressures  (Figure  4)  show  that  pressure  has  little  effect  at  low  veloci¬ 
ties.  However,  as  velocities  increase,  efficiencies  quickly  drop.  Again, 
with  the  exception  of  the  1-atmosphere  data,  the  increase  in  pressure 
results  in  decreased  efficiency. 

Figure  5  shows  a  comparison  of  data  from  both  the  wet  and  dry  runs. 
To  simplify  the  graph,  only  data  for  2,  8,  and  32  atmospheres  pressure  are 
displayed.  Moisture  content  has  a  very  prominent  effect  on  the  ability  of 
the  absorbent  to  remove  CO2  at  linear  velocities  up  to  about  10  centi¬ 
metres/second.  At  higher  "linear  velocities,  especially  at  the  higher 
pressures,  the  effect  of  moisture  is  not  as  significant. 

THE  EFFECTS  OF  PARTICLE  SIZE  ON  PRESSURE  DIFFERENTIAL 

Decreasing  particle  size  should  create  two  effects.  It  should 
increase  absorbent  efficiency  at  the  cost  of  greater  pressure  drop  across 
the  canister.  This  increased  pressure  drop  increases  the  diver's  breathing 
effort.  This  limits  the  application  of  small  diameter  particles. 


^ibid. 
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Linear  velocity  of  gas  flowing  through  a  canister  should  be  similar  to 
that  of  a  chromatographic  coluam  and  thus  exhibit  streamlined  or  laminar 
flow.  Such  pressure  drop  can  be  written  as:* 

\ 


where 


Ap  =  pressure  drop 
n  =  gas  viscosity 

K  =  permeability  of  the  canister  to  gas  flow 
L  =  canister  length 
u  =  average  linear  velocity. 

The  permeability  factor  K  is  defined  by  the  Kozeny-Corman  equation  (2, 
3,  4)  as 


d  2 

K  =  -  e)*  = 


2neLp 

(pT  — p  z)M 
i  o 


o 


where 


d  =  effective  particle  diameter 
P 

e  =  fraction  of  canister  cross  section  available 
to  the  moving  gas  stream 


=  inlet  pressure 
P  =  outlet  pressure 


=  outlet  velocity. 


Since  permeability  is  proportional  to  decreasing  particle  size 


should  rapidly  increase  the  pressure  drop  across  a  canister.  Another  fac¬ 
tor  affecting  ^  (pressure  change)  that  is  related  to  particle  diameter  is 
the  distinction  between  interparticle  porosity  and  total  porosity  of  the 
Sodasorb  particles.  Moving  gas  is  found  only  in  the  interparticle 
channels;  thus,  stagnant  gas  in  the  pores  tend  to  restrict  flow.  The 
fractional  gas  cross  section  of  the  canister  thus  would  decrease  slightly 
with  particle  size  due  to  the  increased  surface  area.  Pressure  drop  at  a 


*ibid. 
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given  gas  velocity  increases  in  a  rough  proportion  to  1/d  ^  and  directly 

proportional  to  canister  length.  The  work  of  Bohemen  and  Purnell*  ^  ®  on 
diffusion  in  packed  coluoins  indicates  that  about  80  percent  of  the  colunn's 
volume  is  available  to  the  gas.  Irregular  surfaces  impede  flow;  thus,  the 
smallest  pressure  drop  would  be  obtained  with  solid  spherical  particles. 


To  evaluate  the  effects  of  particle  size,  a  4-  to  8-mesh  high- 
performance  Sodasorb  was  ground  to  smaller  sizes  under  a  helium  atmosphere. 
The  material  was  then  sieved  to  the  desired  particle  size  range  and  blown 
with  helium  to  remove  fines  which  would  contribute  to  excessive  pressure 
drop. 


Table  1  shows  the  relationship  between  mesh  size  and  maximum  particle 
diameter.  The  uniformity  of  particle  size  is  represented  by  the  ratio  of 
the  maximum  and  minimum  diameters.  Average  particle  size  listing  was  cal¬ 
culated  on  the  assumption  that  the  particle  sizes  were  distributed  equally 
throughout  the  mesh  range. 


TABLE  1 

MESH  RANGE  AND  DIMENSIONS 


Tyler  Mesh 

Mesh  Opening 

Average 

Max  d 
_ E 

Range 

(dp) (mm) 

d  (mm) 

P  . 

Min  d 

P 

4-8 

4.75  -  2.36 

3.56 

2.0 

8-20 

2.36  -  0.85 

2.36 

2.8 

10-20 

1.70  -  0.85 

1.28 

2.0 

20-60 

0.85  -  0.25 

0.55. 

3.4 

32-60 

0.50  -  0.25 

0.38 

2.0 

Cell  length  6.9  centimetres,  cell  diameter  0.978  centimetre,  and  tem¬ 
perature  21.1‘’C  were  maintained  constant,  as  previously  stated, 
while  varying  the  absorbent  mesh  size  in  a  test  series  at  1  ata. 

The  pressure  drop  across  the  test  cell  was  measured  with  a  0-  to 
25-inch  H2O  magnehelic.  Background  pressure  drops  obtained  from  an  empty 
cell  were  subtracted  from  the  differential  pressures  generated  by  the  full 
cell.  The  pressure  drop  across  the  cell  charged  with  4  to  8,  8  to  20,  10 


*ibid. 

^Bohemen,  J.  and  Purnell,  H.  H. ,  Journal  of  Chemical  Society,  p.  360,  1961. 

^Bohemen,  J.  and  Purnell,  J.  H. ,  Gas  Chromatography  1958,  E.  H.  Desty, 
Editor  Academic  Press,  New  York,  p.  6,  1958. 
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to  20,  20  to  60,  and  32  to  60  mesh  at  various  flow  rates  are  displayed  in 
Figure  6.  These  data  indicate  that  10  to  20  mesh  and  possibly  IS  to 
32  mesh,  which  was  not  tested,  could  represent  a  more  optimum  particle  size 
for  diver's  breathing  apparatus  since  the  added  flow  resistance  over  4  to 
8  mesh  is  minimal  for  the  anticipated  advantage  in  absorbent  efficiency. 

The  results  of  the  effects  of  particle  size  on  pressure  drop  across 
the  6.9-centimetre  long  cell  for  a  dry  gas  are  displayed  in  Figures  6  and 
7.  Figure  6  shows  that  pressure  drop  for  a  fixed  mesh  range  is  directly 
proportional  to  linear  velocity.  This  figure  also  indicates  that  there  is 
little  difference  in  pressure  drop  of  4  to  8  mesh  and  8  to  20  mesh 
material.  Figure  7  shows  that  decreasing  particle  size  has  a  very  notice¬ 
able  effect  on  pressure  drop  at  8  centimetres/second.  It  also  indicates 
that  if  a  canister  system  could  be  designed  to  operate  at  lower  linear 
velocities,  smaller  particles  could  be  used  and  thus  higher  anticipated 
efficiencies . 

The  effects  of  particle  size  on  pressure  differential  with  a  gas 

saturated  with  water  were  also  investigated.  The  wet  runs  started  with  the 

same  pressure  differential  as  the  dry;  however,  as  they  progressed,  the 

differential  increased  in  a  linear  rate.  At  breakthrough,  the  increase 
equaled  about  10  percent  of  the  starting  pressure  for  the  32  to  60  mesh 
size.  The  10  to  20  mesh  size  did  not  exhibit  as  large  an  increas  in  Ap; 
the  average  pressure  increase  for  this  range  was  normally  less  than 
5  percent  of  the  starting  pressure.  The  dry  gas  runs  tended  to  show  a 
slight  increase  in  Ap  as  they  approached  the  end  of  a  run.  This  effect  may 
be  due  to  slight  changes  in  particle  geometry  or  possible  channeling. 


THE  EFFECTS  OF  PARTICLE  SIZE  ON  COj  ABSORPTION  BY  HIGH-PERFORMANCE  SODASORB 

Increased  total  absorbent  surface  area  due  to  decreasing  particle  size 
should  yield  improved  absorbent  efficiency.  The  ratio  of  a  particle's  sur¬ 
face  area  to  its  volume  increases  rapidly  with  decreasing  particle 
diameter.  This  added  surface  area  should  increase  contact  between  the 
absorbent  and  the  CO2  molecules .  To  evaluate  these  effects ,  the  standard 
conditions^  of  cell  length  6.5  centimetres,  cell  diameter  0.978  centimetre, 
cell  temperature  21.1®C  (70®F),  1  percent  CO2  in  dry  helium,  and  an  absor¬ 
bent  absolute  density  of  2.49  g/cc  were  maintained. 

Figures  8  and  9  represent  the  relationship  between  particle  size  and 
efficiency  for  a  dry,  1  percent  CO2  in  helium  mix.  The  same  information 
for  a  saturated,  1  percent  CO2  in  helium  mix  is  displayed  in  Figures  10  and 
11.  For  comparisons,  selected  data  from  the  dry  runs  have  been  included  in 
Figure  10. 


‘ibid. 
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FIGURE  7.  EFFECT  OF  LINEAR  VELOCITY  ON  PRESSURE  DROP  AT  VARIOUS  PARTICLE  SIZES 
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For  both  the  dry  and  saturated  gas  streams,  decreasing  particle  size 
increases  efficiency.  The  effect  is  more  pronounced  with  the  dry  carrier 
gas.  The  smaller  particle  size  tended  to  hold  the  exit  CO2  content  to  a 
very  low  value  for  the  total  run.  As  absorbent  exhaustion  was  reached,  the 
CO2  content  would  quickly  increase.  The  exact  time  of  breakthrough  was 
well  defined.  The  effect  of  linear  velocity  on  absorbent  efficiency  at 
small  particle  size  was  greater  for  the  dry  C02/He  mix.  The  saturated 
C02/He  mix  showed  little  change. 


CONCLUSIONS 


The  effects  of  pressure  and  particle  size  on  CO2  absorption  character¬ 
istics  of  high-performance  Sodasorb  were  investigated.  For  a  saturated 
carrier  gas,  pressure  tended  to  increase  efficiency  slightly  for  low  linear 
velocities  and  decrease  efficiency  for  high  linear  velocities.  For  a  dry 
carrier  gas,  increased  pressure  decreased  efficiency  for  all  flow  rates. 
Decreasing  particle  size  increased  absorbent  efficiency  at  the  cost  of 
increasing  pressure  difference  across  the  canister. 
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